A recently proposed hyperfocusing hypothesis of cognitive dysfunction in schizophrenia proposes that people with schizophrenia (PSZ) tend to concentrate processing resources more narrowly but more intensely than healthy control subjects (HCS). The present study tests a key prediction of this hypothesis, namely, that PSZ will hyperfocus on information presented at the center of gaze. This should lead to greater filtering of peripheral stimuli when the task requires focusing centrally but reduced filtering of central stimuli when the task requires attending broadly in the periphery. These predictions were tested in a double oddball paradigm, in which frequent standard stimuli and rare oddball stimuli were presented at central and peripheral locations while event-related potentials were recorded. Participants were instructed to discriminate between the standard and oddball stimuli at either the central location or at the peripheral locations. PSZ and HCS showed opposite patterns of spatial bias at the level of early sensory processing, as assessed with the P1 component: PSZ exhibited stronger sensory suppression of peripheral stimuli when the task required attending narrowly to the central location, whereas HCS exhibited stronger sensory suppression of central stimuli when the task required attending broadly to the peripheral locations. Moreover, PSZ exhibited a stronger stimulus categorization response than HCS, as assessed with the P3b component, for central stimuli when the task required attending to the peripheral region. These results provide strong evidence of hyperfocusing in PSZ, which may provide a unified mechanistic account of multiple aspects of cognitive dysfunction in schizophrenia.
Introduction
Recent research suggests that several aspects of cognitive dysfunction in schizophrenia can be explained by a tendency of people with schizophrenia (PSZ) to concentrate processing resources more intensely but more narrowly than healthy control subjects (HCS) . This hyperfocusing hypothesis can explain reduced visual working memory capacity in PSZ relative to HCS (Leonard et al., 2012) , larger spatial and temporal cuing effects (Hahn et al., 2012a,b; Spencer et al., 2011) , greater capture of attention by distractors that partially match task goals (Mayer et al., 2012; Luck et al., 2014; Sawaki et al., 2017) , a narrower span of attention during visual search (Elahipanah et al., 2010 (Elahipanah et al., , 2011 , and impairments in the ability of PSZ to distribute attention broadly (Hahn et al., 2012a; Gray et al., 2014) . Thus, hyperfocusing may be a fundamental characteristic of schizophrenia that underlies many of the specific deficits in cognitive performance that have been observed in this disease.
Most of the evidence for hyperfocusing was derived from behavioral measures that reflect the combined impact of several processing systems. The goal of the present study was to test the hyperfocusing hypothesis using electrophysiological measures that reflect specific processing systems. We used a variant of a double oddball paradigm used previously to study attention deficit hyperactivity disorder (Ló pez et al., 2006) . The task (Fig.  1) involved either attending narrowly to the foveal region or attending broadly to a set of four peripheral locations. Within each of these two regions, 90% of the stimuli were standards of one color and 10% were oddballs of a different color. Participants were instructed to attend either to the narrow inner region or to the broad outer region and discriminate between the standards and oddballs in the instructed region, ignoring all stimuli in the other region.
The center of gaze has a natural competitive advantage for attention (Fischer and Weber, 1993) , and the tendency of PSZ to hyperfocus was predicted to lead to an exaggeration of this tendency in the double oddball task. Previous research shows that healthy individuals detect parafoveal targets more rapidly than peripheral targets in visual search tasks, even when controlling for cortical magnification (Woodman and Luck, 2003) , and this Figure 1 . A, Example stimulus sequence from the double oddball task. The stimuli were colored squares (90% blue and 10% yellow or vice versa) presented at the central location on 50% of trials and at one of the four peripheral locations on the remaining 50%. Participants attended to the inner region in some trial blocks and to the outer region in other trial blocks. They were instructed to press one button for blue stimuli in the attended region, to press another button for yellow stimuli in the attended region, and to make no response for stimuli in the unattended region. B, Enlarged view of the attentional reminder stimulus that was present in the middle of the display to ensure that participants knew at all times which region should be attended. C, Diagram of the inner and outer stimulus regions. D, Example stimuli from the divided attention condition of the UFOV task. The target display was presented for a given period of time and then immediately followed by the noise mask. Participants reported whether the central stimulus was a car or truck and then clicked on one of eight locations on the screen to report the position of the peripheral target. The duration of the target display was adjusted with an adaptive staircase to determine the duration that would lead to an accuracy level of 75% correct. effect is exaggerated in PSZ (Elahipanah et al., 2010) . Similarly, PSZ make more hypometric saccades than HCS, consistent with an exaggerated attentional weight for the center of gaze (Leonard et al., 2013; Luck et al., 2014) .
To assess the neural mechanisms of hyperfocusing, we recorded event-related potentials (ERPs) and focused on the P1 component, which reflects extrastriate sensory processing, and the P3b component, which reflects the allocation of higher-level processing resources (Di Russo et al., 2003; Polich, 2012) . We predicted that PSZ would exhibit an enhanced ability (relative to HCS) to focus narrowly on the central location and suppress the P1 and P3b components for to-be-ignored peripheral stimuli. By contrast, we predicted that PSZ would exhibit an impaired ability (relative to HCS) to focus broadly on the peripheral region and suppress the P1 and P3b components for to-be-ignored central stimuli.
Participants also received a standardized behavioral assessment of the ability to distribute attention broadly, the useful field of view (UFOV) task (Ball and Owsley, 1993) . This task assesses how well individuals can divide their attention between simultaneously presented central and peripheral stimuli, and performance predicts real-world outcomes such as automobile accidents (Myers et al., 2000) . We have previously shown that PSZ are impaired in this task and that the degree of impairment is correlated with reductions in working memory capacity (Gray et al., 2014) . We predicted that the electrophysiological measures of central hyperfocusing in the double oddball task would be associated with the degree of impairment on the UFOV task, thus providing the first steps toward a mechanistic link between the neural activity and behavior impairments.
Materials and Methods
Participants. The participants consisted of 34 people with schizophrenia (N ϭ 25) or schizoaffective disorder (N ϭ 9) and 27 HCS (see gender and other demographic information in Table 1 ). As described below, 3 PSZ had excessive artifacts and were excluded from all analyses, leaving a final sample size of 31 PSZ.
Diagnoses were established using a best estimate approach, combining material from past medical records, collateral informants (when available), and the criteria from the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV; American Psychiatric Association) as established from the results of the Structured Clinical Interview for DSM-IV-TR Axis I disorders (First et al., 1997) . Final diagnosis was reached at a consensus conference involving clinical staff and chaired by one of the authors (J.M.G). All PSZ were clinically stable outpatients who had been receiving the same medications, at the same dose, for at least 4 weeks before study participation. Three PSZ were receiving typical antipsychotics, 29 were receiving atypical antipsychotics, and 2 were receiving both. Additional medications in PSZ included antidepressants (N ϭ 15), mood stabilizers (N ϭ 6), anxiolytics (N ϭ 8), sleep medications (N ϭ 2), and antiparkinson medication (N ϭ 4).
HCS were recruited by Internet advertising and random digit dialing in the greater Baltimore metropolitan area. They were screened using the Structured Clinical Interview for DSM-IV Axis I disorders and Axis II personality disorders, which revealed no current diagnosis of any Axis I disorder or Axis II schizophrenia spectrum disorder. In addition, HCS self-reported no lifetime history of psychosis and no psychotic disorders in first-degree relatives. The participants in both groups were free of other medical or neurologic disorders that might interfere with test performance, including substance abuse or dependence within the last 12 months.
Several symptom measures were obtained, including the Scale for the Assessment of Negative Symptoms (SANS; Andreasen, 1984) and the Brief Psychiatric Rating Scale (BPRS; Overall and Gorham, 1962) . Demographic information, neuropsychological test scores, and psychiatric ratings are provided in Table 1 . No significant group differences were found in age (t (56) ϭ 0.53, p Ͼ 0.5), race ( 2 ϭ 0.31, p Ͼ 0.9), sex ( 2 ϭ 0.106, p Ͼ 0.7), or parental education (t (56) ϭ 0.36, p Ͼ 0.7). The PSZ had completed fewer years of education than the HCS (t (56) ϭ 3.44, p ϭ 0.001), which presumably reflects the effect of schizophrenia on educational attainment. We also found significant reductions in overall cognitive ability in PSZ relative to HCS in the Wechsler Abbreviated Scale of Intelligence (WASI IQ; Wechsler, 1999; t (56) ϭ Ϫ3.112, p ϭ 0.003) and the MATRICS Consensus Cognitive Battery (MCCB; Nuechterlein et al., 2008; total, t (56) ϭ Ϫ4.815, p Ͻ 0.001). These impairments in overall cognitive ability were comparable to those typically observed in studies of stable outpatients (Johnson et al., 2013) .
Double oddball task. As illustrated in Figure 1 , participants were instructed to attend either to an inner region or to an outer region and to perform an oddball discrimination task in the attended region (Ló pez et al., 2006) . This task provides ERP measures of two distinct processing mechanisms involved in attention. The P1 component is a sensoryevoked response that is generated in extrastriate visual cortex (Di Russo et al., 2003) . If attention is strongly focused on one spatial region, P1 amplitude is typically reduced for stimuli presented in other regions, reflecting an early sensory filtering process (Hillyard et al., 1998) . This effect appears to reflect a filtering of unattended locations rather than an enhancement of attended locations (Luck et al., 1994; Luck and Hillyard, 1995; .
The P3b component is a well-validated index of the allocation of higher-level cognitive processing resources (Polich, 2012) . P3b amplitude is much larger for rare oddball stimuli than for frequent standard stimuli when the stimuli are actively discriminated. By contrast, little or no difference in P3b amplitude is observed between oddballs and standards if they are not actively attended to. P3b amplitude scales with the amount of higher-level processing resources devoted to the eliciting stimulus (Isreal et al., 1980) , thus providing a measure of the extent to which participants allocate attention to a to-be-ignored stimulus. Note that many distinct neurocognitive processes are active during the period of the P3b component, but by focusing on the difference in amplitude between the oddball and standard stimuli, most other processes are subtracted out (Potts et al., 2002; .
The stimuli were presented on an LCD monitor with a 60 Hz refresh rate and a gray background at a viewing distance of 100 cm. The monitor delay was measured from the display with a photodiode, and the data were shifted with respect to the delay interval (which was 30 ms). As shown in Figure 1A , a white fixation point and attentional reminder were continuously present at the center of the screen (except when occluded by an oddball task stimulus). The attentional reminder (0.6°of visual angle; Fig. 1B ) consisted of four triangles pointing inward (in the attendinner condition) or outward (in the attend-outer condition).
The stimuli for the double oddball task consisted of a sequence of blue or yellow squares (2.5°). As shown in Figure 1C , each stimulus was presented for 200 ms either at the fixation point (inner region; p ϭ 0.5) or at one of four locations centered 4.5°above, below, to the left, or to the right of the fixation point (outer region; p ϭ 0.125 for each of the four loca- tions). In half of the trial blocks, 90% of the stimuli in a given region were blue and 10% were yellow, and this was reversed for the other trial blocks. Stimulus order was independently randomized within each region. Each stimulus was followed by an interstimulus interval of 1200 -1400 ms (rectangular distribution). Because only one stimulus was presented at a time, we could independently assess ERPs and behavioral responses to stimuli in the inner and outer regions. Participants were instructed to attend to the central location in attendinner blocks and to all four peripheral locations in attend-outer blocks. They were required to respond on a game pad, using the dominant hand, for every stimulus presented in the attended region, making an indexfinger response for yellow and a middle-finger response for blue, or vice versa, counterbalanced across participants. The mapping of colors to fingers stayed the same across trial blocks for a given participant, independent of which color was rare or frequent. The participants were instructed to make no response when the stimulus appeared in the unattended region.
The recording session was divided into four trial blocks, each consisting of 320 stimuli. Each block was divided into four miniblocks, separated by short breaks, and a longer break was provided after each full block. Each full block was one of the four combinations of attend inner versus outer and yellow rare versus blue rare, and the blocks occurred in a randomized order. Each participant received a total of 288 standards and 32 oddballs for each combination of stimulus location and direction of attention.
Recording and analysis. The electroencephalogram (EEG) was recorded using a BioSemi ActiveTwo EEG recording system. Thirty-two electrodes were affixed in an elastic cap at a subset of locations from the extended 10/20 System (FP1, FP2, F3, Fz, F4, F7, F8, C3, Cz, C4, P1, P2, P3, Pz, P4, P5, P6, P7, P8, P9, P10, T7, T8, PO3, POz, PO4, PO7, PO8, O1, Oz, O 2 , INz). To detect eye movements and blinks, the electrooculogram was recorded from electrodes placed lateral to the outer canthi and below the left eye. The single-ended voltage was recorded between each electrode site and a common mode sense electrode. The signals were lowpass filtered with a fifth-order sinc filter (half power cutoff at 208 Hz) and digitized at 1024 Hz.
Data processing was performed in MATLAB with the open-source EEGLAB (Delorme and Makeig, 2004) and ERPLAB (Lopez-Calderon and toolboxes. The data were filtered off-line using a noncausal Butterworth bandpass filter (half-amplitude cutoffs at 0.1 and 30 Hz, 24 dB/octave roll-off). All scalp electrodes were referenced off-line to the average of the left and right mastoids. To correct for blink artifacts, independent component analysis was applied to the continuous data after the deletion of sections containing extreme values, and a single component reflecting blinks was identified in each participant on the basis of timing and scalp topography and then removed (Jung et al., 2000) . Standard artifact rejection procedures were also applied to eliminate epochs containing horizontal eye movements, miscellaneous artifactual voltage deflections, and blinks that occurred within 200 ms of stimulus onset and may have therefore prevented perception of the stimulus (measured in a channel that was not subjected to artifact correction). In our studies of patient populations, we always exclude any participants for whom Ͼ50% of trials were rejected because of artifacts; three PSZ were rejected for this reason in the present study. In the remaining participants, only 4.7% of trials were rejected because of artifacts. Trials were also excluded if the behavioral response was incorrect. Of the 32 oddball trials that were tested in a given subject for each condition, an average of 30.4 trials (and a minimum of 23 trials) contributed to the averaged ERP waveform.
Averaged ERP waveforms were computed for the standard and oddball stimuli in each attentional condition, averaging over which color was rare, using a 200 ms prestimulus interval. To maximize the signal-tonoise ratio, the average waveforms for targets and for standards were collapsed across the electrodes within an a priori region of interest (the O1, Oz, and O 2 electrode sites). P1 amplitude was quantified as the mean voltage from 100 to 220 ms. This measurement window was determined by using a collapsed localizer approach in which a waveform is created that is averaged across all conditions and groups, providing an unbiased means of defining the measurement window (Brooks et al., 2017; Luck and Gaspelin, 2017) . In the present case, we began by creating a grand average attended-minus-unattended difference wave, averaged across all conditions, for each group. We then normalized these grand averages to eliminate any overall differences in amplitude between PSZ and HCS, and then we averaged these two grand averages together into a collapsed grand average. We then found the time points at which the amplitude was 20% of the maximum voltage of the collapsed grand average, and we used these points to define the time window for measuring the amplitude of the P1 attention effect (100 -220 ms).
To isolate the P3b probability effect, P3b amplitude was measured from rare-minus-frequent difference waves (Potts et al., 2002; Luck et al., 2009 ) after averaging the waveforms across an a priori region of interest (the P1, Pz, and P2 electrode sites). P3b amplitude was quantified as the positive area between 370 and 770 ms. Positive area is defined as the area of positive voltage bounded by the waveform and the zero voltage line. This method minimizes the impact of temporally adjacent components of opposite polarity (e.g., the N2 wave; . However, because the value can never be negative, chance is not 0 V; consequently, permutation testing (using the method of Sawaki et al., 2012) was used in analyses that compared the positive area to chance. Again, the measurement window was determined by a collapsed localizer in which the rare-minus-frequent difference waveforms were averaged across all conditions and both groups.
Useful field of view task. Because the double oddball task was not designed to provide a sensitive behavioral measure of attention, each participant was also tested in the UFOV task (Ball and Owsley, 1993; Myers et al., 2000) on a separate day. We used a commercial version of the task (Ball and Roenker, 1998 ) that includes three separate conditions, tested in separate trial blocks (for details of the stimuli and procedure, see Gray et al., 2014) . The key condition for the present study is called the "divided attention" condition. In this condition, a car or truck is presented centrally, and an additional car is presented at a peripheral location (Fig.  1D) . The task is to first report whether the central stimulus is a car or truck, and to then report the location of the peripheral target. The stimulus display is terminated by a mask. The stimulus display duration is adjusted by means of an adaptive staircase to find the duration at which the participant is 75% correct. This threshold value is the dependent variable. For a trial to be considered correct, both the central discrimination and the peripheral localization must be correct. This task differs from the double oddball task insofar as the central and peripheral locations are attended simultaneously in the UFOV task, but it is similar to the attend-outer condition of the double oddball task insofar as it requires distributing attention over a broad region. Consequently, PSZ who exhibit a strong tendency to focus centrally and have difficulty distributing attention broadly in the attend-outer condition in the double oddball task should also perform poorly in the UFOV task.
The UFOV task also includes a processing speed condition, in which only the central target is presented, and a selective attention condition in which peripheral distractors (triangles) are presented along with the peripheral target. These conditions are part of the standard task, but were not relevant for the present study and will not be discussed further.
Results

Double oddball behavioral performance
Behavior in the double oddball task was quantified in two ways. First, we asked whether participants responded to stimuli in the to-be-attended region (hit rate) and withheld responses to stimuli in the to-be-ignored region (correct rejection rate), independent of whether the stimulus color was correctly categorized. PSZ tended to have a reduced hit rate for to-be-attended stimuli in the outer region ( Fig. 2A) and a reduced correct rejection rate for to-be-ignored stimuli in the inner region (Fig. 2B) , as would be expected if they were biased toward stimuli in the inner region. However, performance was well above 90% for both measures, and in two-factor ANOVAs, the group by stimulus region interaction did not reach significance for either hit rate (F (1,56) ϭ 2.10, p ϭ 0.15) or correct rejection rate ( p ϭ 0.11). Overall perfor-mance was slightly worse for PSZ than for HCS, but the main effect of group was significant only for the correct rejection rate (F (1,56) ϭ 7.24, p ϭ 0.009).
A second set of ANOVAs asked how quickly and accurately participants categorized the color of the stimuli at the attended location, using factors of group, stimulus region (inner vs outer), and stimulus category (rare vs frequent). Color discrimination accuracy was lower ( Fig. 2C) and reaction time was slower ( D) for the rare targets than for the frequent standards, which led to a significant main effect of stimulus category for both measures ( p Ͻ 0.001). Participants were also slightly faster for stimuli in the inner region than in the outer region, as confirmed by a main effect of stimulus region for reaction time ( p Ͻ 0.001). Although PSZ were slower on average than HCS, the main effect of group was not significant for either reaction time or % correct ( p values Ͼ0.35), nor were there any significant interactions involving group ( p values Ͼ0.3).
Because the double oddball task was not designed to provide a sensitive measure of attention, the general lack of significant group differences was not surprising and facilitated the interpretation of the electrophysiological results (Kappenman and Luck, 2016): because the two groups displayed high and similar levels of behavioral performance, any differences in electrophysiological responses between PSZ and HCS cannot be attributed to problems in understanding task instructions, poor motivation, etc. Moreover, as will be described in a later section, PSZ did exhibit a significant behavioral impairment in the UFOV task, which is a sensitive and well-validated measure of the ability to distribute attention broadly in the periphery. Figure 3, A and B, show the grand average waveforms for stimuli presented in the to-be-attended and to-be-ignored regions, averaged across the occipital electrode sites and across the standard and oddball stimuli. In PSZ, the P1 wave for stimuli presented in the outer region was smaller in the attend-inner condition relative to the attend-outer condition, indicating that PSZ successfully filtered the sensory response to the peripheral stimuli when attending the inner region. However, the P1 wave for stimuli presented at the central location was not influenced by which region was attended in PSZ, suggesting that PSZ were unable to filter the sensory response to the central stimuli when attending the outer region. In HCS, the opposite pattern was observed: the P1 wave for stimuli presented at the central location was larger when the inner region was attended than when the outer region was attended, but the P1 wave for stimuli presented in the outer region was not influenced by which region was attended.
Sensory filtering: the P1 component
To minimize the number of factors in the statistical analysis and thereby decrease the experimentwise type I error rate (Cramer et al., 2016; Luck and Gaspelin, 2017) , we collapsed the data into attended-minusignored difference scores for each stimulus region, as illustrated in Figure 3C . These difference scores were entered into a two-way ANOVA with factors of group and stimulus region (inner vs outer). The main effects were not significant (F Ͻ 1), but the group by stimulus region interaction was (F (1,56) ϭ 4.21, p ϭ 0.04). As shown in Figure 3C , PSZ exhibited a large attentional modulation (attended-minus-ignored difference) for the outer region (t (30) ϭ 2.91, p ϭ 0.007) but not for the inner region (t (30) ϭ 0.058, p Ͼ 0.9), whereas HCS exhibited a large attentional modulation for the inner region (t (26) ϭ 2.91, p ϭ 0.007) but not for the outer region (t (26) ϭ 0.049, p Ͼ 0.9). Thus, PSZ effectively suppressed the peripheral stimuli when attending to the inner region, but they failed to suppress the central stimuli when attending to the outer region. HCS, in contrast, modulate the response to the central stimuli but not to the peripheral stimuli. Figure 4 shows the grand averages for the rare and frequent stimuli to illustrate the P3b probability effect. As discussed earlier, the main analyses focused on the rareminus-frequent difference waves, which are shown in Figure 5 . Whereas the P1 analysis examined the suppression of sensory processing at the to-be-ignored location relative to the to-be-attended location, collapsed across standards and oddballs, the P3b analysis asked how well participants were able to suppress the differential processing of the oddballs relative to the standards at the to-be-ignored location. The hyperfocusing hypothesis predicts that PSZ will devote processing resources to the central region even when this region is task irrelevant, leading to an enhanced P3b rare-minus-frequent difference score for to-be-ignored stimuli presented in this region.
Higher-level resource allocation: the P3b component
Consistent with this prediction, we found that the rareminus-frequent difference waves (averaged over the P1, Pz, and P2 electrode sites) for to-be-ignored central stimuli were larger in PSZ than in HCS (t (56) ϭ 1.98, p ϭ 0.05). In other words, when the task required attending to the outer region, stimuli in the inner region produced a larger P3b probability effect in PSZ than in HCS. However, the P3b probability effect for stimuli in the outer region in the attend-inner condition was approximately the same in PSZ and HCS (t (56) ϭ 0.56, p ϭ 0.58) . The rare-minusfrequent difference scores were analyzed in a two-way ANOVA with factors of group and stimulus region (inner vs outer). The main effect of stimulus region was significant (F (1,56) ϭ 12.60, p Ͻ 0.001), reflecting larger P3b effects for to-be-ignored stimuli in the outer region than for stimuli in the inner region for both groups. The group main effect was not significant (F (1,56) ϭ 0.41, p ϭ 0.52), but the group by stimulus region interaction was (F (1,56) ϭ 4.10, p ϭ 0.05), reflecting the group difference for the inner but not the outer region (Fig. 5C ). In addition, permutation testing showed that the rare-frequent difference scores for to-beignored stimuli were significantly greater than zero for the inner region in PSZ but not in HCS. Thus, HCS were able to suppress the P3b effect for to-be-ignored stimuli in the inner region but PSZ were not.
We did not predict any group differences in the rare-minusfrequent difference scores for the to-be-attended stimuli given that the standard oddball discrimination task was so easy. However, we analyzed the P3b wave for to-be-attended stimuli for the sake of completeness, again using rare-minus-frequent difference scores and a two-way ANOVA with factors of group and stimulus region. The difference scores were slightly larger for inner-region stimuli than for outer-region stimuli in both groups, leading to a significant main effect of stimulus region (F (1,56) ϭ 6.30, p ϭ 0.02). However, neither the main effect of group nor the Asterisks indicate attention effects that were significantly different from zero (as indicated by one-sample t tests). For stimuli in the outer region, PSZ showed a strong and significant suppression of the P1 wave when the inner region was attended to compared to when the outer region was attended to (B, left), whereas HCS did not (B, right) . For stimuli in the inner region, HCS showed a strong and significant suppression of the P1 wave when the outer region was attended to compared to when the inner region was attended to (A, right), whereas PSZ did not (A, left). Figure 5 . A-C, Grand average rare-minus-frequent difference waves collapsed across parietal electrode sites (Pz, P1, and P2) in people with schizophrenia (A) and healthy control subjects (B), along with mean rare-minus-frequent difference scores for the to-be-ignored stimuli (C). Error bars show the SEM. group by stimulus region interaction was significant (F values Ͻ1). The absence of a group difference in P3b amplitude for attended stimuli is not unusual: reductions in PSZ relative to HCS are typically more pronounced for auditory than visual stimuli (Jeon and Polich, 2003) , and two previous studies found no group difference in rare-minus-frequent difference scores from visual oddball tasks (Potts et al., 2002; Luck et al., 2009) .
Medication analyses
To assess whether the ERP results may reflect medication effects, we tested the correlation between medication dosage (chlorpromazine equivalent, calculated according to Andreasen et al., 2010) and our main dependent variables (P1 attention effect for the inner and outer regions; P3b probability effect for the inner and outer to-be-attended regions; P3b probability effect for the inner and outer to-be-ignored regions). There were no significant correlations between dosage and any of these variables (Pearson's r between Ϫ0.191 and 0.265, p Ն 0.2 for all correlations).
Correlations with useful field of view
The mean display duration threshold in the UFOV task was higher in PSZ (94.1 ms; SEM, 34.0) relative to HCS (35.9 ms; SEM, 9.6). Thresholds were highly skewed and significantly deviated from the normal distribution in both PSZ and HCS according to the Anderson-Darling test, so nonparametric statistics were used for all analyses involving these thresholds. The average threshold was significantly higher in PSZ than in HCS according to a Mann-Whitney U test (U ϭ 305.5, p Ͻ 0.05), replicating a previous finding of impaired UFOV performance in PSZ (Gray et al., 2014) .
To assess correlations between the neural measures from the double oddball task and the behavioral UFOV measure while minimizing the total number of correlations, a central bias score was computed for the P1 and P3b components. For P1 amplitude, the central bias score was computed as the attended-minusunattended difference score for the outer region minus the attended-minus-unattended difference score for the inner region. This score reflected the extent to which filtering of unattended stimuli was more effective for the outer region than for the inner region, and hence a bias toward the inner region. For P3b amplitude, the central bias score was computed as the rareminus-frequent difference score for unattended stimuli in the inner region minus the rare-minus-frequent difference score for unattended stimuli in the outer region. This score reflected the extent to which the P3b probability effect for unattended stimuli was greater for the inner region than for the outer region, reflecting greater processing of unattended stimuli in the inner region.
We computed the Spearman rho rank-order correlation between each central bias score and the UFOV threshold score separately for PSZ and HCS (Fig. 6, scatter plots) . In PSZ, UFOV performance exhibited a significant positive correlation with the P1 central bias score (r ϭ 0.458, p ϭ 0.009). In other words, PSZ who exhibited more sensory processing bias toward the central region in the double oddball task also exhibited poorer performance (higher thresholds) in the UFOV task. This correlation was not significant in HCS (r ϭ 0.145, p ϭ 0.47). Thus, in PSZ, our electrophysiological measure of attentional bias toward the point of gaze at the sensory level was associated with impaired performance in a task that requires attention to be distributed broadly. For the P3b component, there was no significant association with UFOV performance in either PSZ (r ϭ Ϫ0.210, p ϭ 0.26) or HCS (r ϭ 0.060, p ϭ 0.77).
Discussion
This study was a direct test of the hyperfocusing hypothesis of schizophrenia, which proposes that PSZ tend to focus processing resources more intensely but more narrowly than HCS. In the spatial domain, this hypothesis predicts an exaggeration of the link between attention and gaze position that has been observed in healthy individuals (Fischer and Weber, 1993) . Specifically, we predicted that PSZ would exhibit enhanced attentional processing of information presented at the point of gaze and enhanced filtering of peripheral stimuli, along with an impaired ability to distribute attention broadly to the periphery and ignore information presented at the point of gaze. We found multiple pieces of evidence supporting these predictions.
Major findings
First, at the stage of the initial sensory response (indexed by the P1 wave; Fig. 3 ), PSZ were biased to attend to central stimuli over peripheral stimuli. Specifically, PSZ strongly suppressed the sensory response to stimuli in the outer region when attending to the inner region, but they failed to filter the sensory response to stimuli in the inner region when attending to the outer region. Figure 6 . Scatter plot of the relationship between threshold in the UFOV task and the P1 central bias score in people with schizophrenia (left) and healthy control subjects (right). Note that higher thresholds in the UFOV task reflect worse performance.
HCS exhibited the opposite pattern, with stronger attentional filtering in the inner region than the outer region.
Second, the sensory bias toward the central region indexed by the P1 wave in PSZ correlated with a behavioral measure of divided attention derived from the well-validated UFOV task. Specifically, PSZ who exhibited a stronger bias toward the inner region as quantified with the P1 attention effect also exhibited poorer behavioral performance when required to distribute attention broadly in the UFOV task. This correlation is important because the ERP and behavioral measures have contrasting strengths. The P1 measure provides a precise operationalization of the concept of hyperfocusing because it allows us to quantify the extent to which stimuli within a given region can be filtered by spatial attention at the stage of extrastriate visual cortex (Di Russo et al., 2003) . Performance in the UFOV task involves a naturalistic situation where attention is spread across both the point of gaze and the periphery; in fact, individual differences in UFOV performance predict important real-world outcomes such as automobile accidents (Myers et al., 2000) . Thus, the finding of a significant relationship between the electrophysiological and behavioral measures provides an important step toward a mechanistic account of how neural changes in attentional filtering may be related to real-world performance in PSZ.
The UFOV results were important also because the double oddball task used to measure the ERP effects was not designed to provide a sensitive behavioral measure of the distribution of attention. Indeed, it was designed to be very simple, leading to near-ceiling performance in both groups, which avoids problems that arise in interpreting neural data when patients and controls differ in performance (Kappenman and Luck, 2016) . It would be useful for future studies to develop a version of this task that is optimized for behavior rather than for electrophysiology, but the lack of behavioral differences between groups in the present ERPoptimized version does not weaken our conclusions, especially given the significant differences in the UFOV task.
A third major finding was that, at the postperceptual stage indexed by the P3b wave, the probability effect was greater in PSZ than in HCS for to-be-ignored stimuli presented in the inner region (Fig. 5 ). This indicates that PSZ devote high-level processing resources to stimuli at the center of gaze even when this region is task irrelevant. Interestingly, this is the opposite of the pattern observed in children with attention deficit/hyperactivity disorder, who exhibit an exaggerated P3b probability effect for unattended stimuli in the outer region (Ló pez et al., 2006) .
In contrast to the P1 component, the exaggerated bias for the P3b component was not correlated with UFOV performance. Additional research will be needed to determine whether this is an artifact of differences in psychometric properties between the P1 and P3b measures or whether it reflects a more fundamental difference between the sensory filtering process reflected by the P1 attention effect and the higher-level cognitive process reflected by the P3b probability effect.
Additional issues
An unanticipated finding was that HCS appeared to exhibit an enlarged N2 component in the rare-minus-frequent difference wave for the inner stimuli when they were instructed to attend to the outer region (Fig. 5B) . We speculate that this may reflect an "unmasking" of the N2 due to the elimination of the partially overlapping P3b component. Indeed, the N2 component for the inner stimuli was larger in both PSZ and HCS in the attend-outer condition than in the attend-inner condition, which could also be explained by an unmasking of the N2 component because P3b amplitude was substantially reduced when the stimuli were to be ignored.
Another unanticipated finding was that HCS exhibited a P1 attention effect only for the central stimuli and not for the peripheral stimuli. We speculate that this may reflect differences in perceptual load between the attend-inner and attend-outer conditions (for review, see Lavie, 2010). Specifically, perceptual load for HCS is presumably quite low in the attend-inner condition, which may decrease the need to filter the peripheral distractors (Lavie, 1995) . Attending peripherally is presumably more demanding, leading HCS to filter the central stimuli when instructed to attend peripherally. Although PSZ should also experience low perceptual load when instructed to attend centrally, the mechanisms that produce hyperfocusing may lead to filtering of peripheral distractors nonetheless.
An important aspect of the present findings is that whereas most studies of schizophrenia find impairments, the present study found enhanced electrophysiological effects in PSZ. Specifically, PSZ exhibited an unusually strong suppression of the P1 wave for unattended stimuli in the periphery when attending centrally and an unusually large P3b difference between rare and frequent stimuli in the center of gaze when attending to the periphery. These supranormal effects cannot be explained by a generalized deficit, by a failure to comprehend or maintain task instructions, by deficits in sensory processing, by lapses of attention, or by any other common explanation of impaired cognition in schizophrenia. In contrast, they were directly predicted by the hyperfocusing hypothesis.
Given that the present study examined chronic, medicated patients, there is always the possibility that the observed attentional differences were a side effect of antipsychotic medication use. However, medication dosage was uncorrelated with the effects, and there are no findings to suggest that the particular pattern of effects observed in the present study would be produced by antipsychotic medications.
Underlying neural circuitry
Although the ERP and behavioral data obtained in the present study cannot reveal the specific neural circuitry underlying hyperfocusing, the hyperfocusing hypothesis was inspired by computational neuroscience models of local cortical circuitry (Rolls et al., 2008; for review, see Durstewitz and Seamans, 2008) . In these models, the D 1 and D 2 classes of dopamine receptors interact with NMDA-and GABAmediated processes to produce two competing attractor states: (1) a D 1 -dominated state with deep basins of attraction that leads to exaggerated winner-take-all dynamics and (2) a D 2 -dominated state with shallow basins of attraction that promotes flexibility and rapid updating of representations.
The known pathophysiology of schizophrenia is consistent with a disruption of these competing network states, and one possibility is that PSZ are biased toward the D1-dominated state that emphasizes winner-take-all processing (Durstewitz and Seamans, 2008) . This winner-take-all processing could then manifest as hyperfocusing in a broad range of tasks. In the domain of spatial attention, it could explain both the present finding of hyperfocusing on the center of gaze and previous findings of larger spatial cuing effects and deficits in spreading attention broadly (Hahn et al., 2012a; Spencer et al., 2011; Gray et al., 2014) . Exaggerated winner-take-all processing could also explain previous findings of reduced working memory capacity and a narrower span of attention in PSZ (Lee and Park, 2005; Piskulic et al., 2007; Elahipanah et al., 2010 Elahipanah et al., , 2011 Johnson et al., 2013) . Hyperfocusing on task goals could also explain classic findings of perseveration (Goldberg et al., 1987) and re-cent studies in which PSZ exhibited exaggerated distraction by stimuli that were task-irrelevant but partially matched task goals (Mayer et al., 2012; Luck et al., 2014; Sawaki et al., 2017) . Thus, although hyperfocusing cannot explain the entirety of cognitive dysfunction in a complex disorder such as schizophrenia, it may provide a unified explanation of multiple disparate impairments.
